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G  H  L  I  G  H  T  S 


•  LaioSi6_Jnx027_a  is  synthesized  via  high-temperature  solid  state  reaction. 

•  La10Si5.sIno.2O26.90  has  a  total  conductivity  of  3.14  x  10-2  S  cm-1  at  1073  K. 

•  La10Si5.sIn0.2O26.90  has  a  higher  conductivity  than  undoped  Lai0Si6O27. 

•  La10Si5.6lno.4O26.so  has  a  thermal  expansion  coefficient  of  9.01  x  10-6  K-1  at  1073  K. 
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Oxy-apatite  type  LaioSi6*Inx027  s  (x  =  0.1,  0.2,  0.3,  0.4,  0.5)  ceramics  are  synthesized  via  the  high- 
temperature  solid  state  reaction  method  to  obtain  dense  bulk  ceramics.  Crystal  structure  and  proper¬ 
ties  of  La10Si6  x\nx027  5  ceramics  are  investigated  by  X-ray  diffraction,  scanning  electron  microscopy, 
Raman  spectroscopy,  complex  impedance  analysis  and  thermal  expansion  coefficient  measurement.  All 
the  compositions  of  La10Sifi  xInx027  5  ceramics  doped  with  In3+  consist  of  a  hexagonal  apatite  structure 
with  a  space  group  P63/m.  The  diffraction  peaks  of  La10SiB  xInx027  5  ceramics  shift  to  the  low  angle  side 
with  increasing  the  content  of  In3+.  Lanthanum  silicates  doped  with  trivalent  In3+  have  a  higher  total 
conductivity  than  those  without  trivalent  In3+  at  the  Si4'  site.  La10Si5.8ln0.2O26.90  ceramics  has  the  highest 
total  conductivity  of  3.14  x  10  2  S  cm  1  at  1073  K,  which  is  considerably  higher  than  that  of  undoped 
LaioSi6027.  La10Si5.6ln0.4O26.80  has  the  highest  thermal  expansion  coefficient  of  9.01  x  10  6  K  1  at  1073  IC 
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1.  Introduction 

Oxy-apatite  lanthanum  silicates  have  attracted  great  attention 
due  to  their  low  operating  temperature  of  less  than  873—1073  K, 
low  activation  energy,  excellent  long-term  stability,  a  wide  range  of 
materials  selection  and  relatively  low  processing  cost  as  candidates 
for  intermediate  temperature  electrolytes  of  solid  oxide  fuel  cells 
(SOFCs)  [1—5],  Recently,  many  researchers  have  studied  many  oxy- 
apatite  lanthanum  silicates  with  high  oxide-ionic  conductivity  [6— 
10],  Oxy-apatite  silicates  are  different  from  traditional  SOFC  elec¬ 
trolytes  of  fluorite  and  perovskite  structures  associated  with  the 
anion-vacancy  conduction  mechanism,  which  are  novel  electro¬ 
lytes  with  a  conduction  mechanism  of  interstitial  oxide-ion 
migration  [11—20], 

It  is  well  known  that  the  lanthanum  silicates  have  a  hexagonal 
oxy-apatite  structure  with  a  space  group  P63/m  and  a  stack  of 
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isolated  silicate  tetrahedra  (Si04).  The  La  cations  have  two  kinds  of 
sites.  One  is  situated  at  seven-coordinated  sites  named  6/1  and  the 
other  is  situated  at  nine-coordinated  sites  named  4 f.  The  interstitial 
oxide-ions  in  lanthanum  silicates  are  confirmed  to  migrate  in  the 
conduction  channels  along  the  c-axis  via  a  complex  sinusoidal 
pathway,  which  is  the  reason  why  the  conductivity  parallel  to  the  c- 
axis  is  much  higher  than  perpendicular  to  this  direction  [21],  Nu¬ 
clear  magnetic  resonance  (NMR)  and  Raman  spectroscopy  were 
also  employed  to  identify  the  structure  of  silicate  units  [22—24], 
Doping  of  cations  with  a  relatively  low  valence  for  Si  site  is 
helpful  to  increase  the  conductivity  of  oxy-apatite  lanthanum  sili¬ 
cates.  For  example,  Yoshioka  et  al.  [25]  found  that  the  conductivity 
of  apatite-type  LaioSigChy  is  enhanced  by  doping  of  Mg2+.  Kendrick 
et  al.  [26]  reported  that  a  significant  number  of  oxide  ions  displaced 
into  interstitial  positions  and  significant  local  structural  changes 
are  the  reason  why  the  conductivity  is  increased  by  doping  with 
Zn2+.  In  addition,  doping  of  trivalent  cations  such  as  Al3+  and  Ga3+ 
for  the  Si4+  site  has  also  a  beneficial  effect  on  conductivity  [27,28], 
However,  the  influences  of  valence  state  and  doping  content  on 
structure  and  electrical  conductivity  of  oxy-apatite  lanthanum 
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silicates  remain  still  unclear.  Therefore,  in  the  present  work,  the 
crystal  structure  and  electrical  conductivity  of  lanthanum  silicates 
doped  with  different  contents  of  trivalent  In3+  were  investigated. 

2.  Experimental  procedures 

LaioSi6-xlnx027-5  (x  =  0.1,  0.2,  0.3,  0.4,  0.5)  electrolytes  were 
synthesized  by  the  high  temperature  solid  state  reaction  process. 
La203  (Grirem  Advanced  Materials  Co.  Ltd.,  Beijing,  China;  purity 
>99.9%),  SiC>2  (Huijing  New  Materials  Ltd.,  Shanghai,  China;  purity 
>99.9%)  and  ln2C>3  (Guangfu  Fine  Chemical  Research  Institute, 
Tianjin,  China;  purity  >99.99%)  powders  were  used  as  starting 
materials.  Lanthanum  oxide  was  precalcined  at  1173  K  for  2  h 
before  weighing  so  as  to  achieve  dehydration  and  decarbonation. 
These  oxide  powders  in  proper  stoichiometric  ratio  were  me¬ 
chanically  ball-milled  in  analytically  pure  ethanol  for  24  h  and  then 
heated  to  1623  K  for  10  h.  The  as-calcined  powders  were  uniaxially 
compacted  in  a  steel  mold  at  20  MPa,  and  were  then  cold  isostat- 
ically  pressed  at  260  MPa  for  8  min.  Finally,  the  compacts  were 
pressureless-sintered  at  1923  K  for  10  h. 

The  as-sintered  samples  were  characterized  using  an  X-ray 
diffractometer  (XRD,  Rigaku  D/Max-rB,  Japan)  with  mono- 
chromatized  Cu  Ka  radiation,  and  data  were  accumulated  from  the 
28  range  of  10°-70°  with  a  scanning  rate  of  4°  min" Surface 
morphologies  of  sintered  samples  were  determined  by  a  scanning 
electron  microscope  (SEM,  Quanta  200F,  USA).  The  dense  pellets 
were  polished  and  thermally  etched  for  30  min  at  a  temperature, 
which  is  50  I<  lower  than  the  sintering  temperature.  Thermally 
etched  surfaces  of  the  samples  were  coated  with  a  thin  gold  film  for 
SEM  observations  with  a  better  image  definition.  The  bulk  densities 
of  all  the  sintered  samples  were  determined  by  the  usual  volume 
and  weight  measurement  technique.  Raman  spectra  were  collected 
by  a  Raman  microscope  (LabRAM  FIR800,  Floriba  Jobin  Yvon, 
France).  The  measurements  were  carried  out  with  a  458  nm  line  of 
an  argon  ion  laser  at  room  temperature.  The  laser  power  was 
20  mW  and  the  spot  diameter  was  1  pm.  The  range  of  Raman  shift 
was  from  100  to  1000  cm1. 

The  total  conductivity  of  LaioSi6-xInx027-i5  ceramics  was 
measured  by  the  four  probe  method  using  an  AC  impedance/gain- 
phase  analyzer  (Solartron™  SI  1260,  UK)  combined  with  electro¬ 
chemical  interface  (Solartron™  SI  1287,  UK)  in  an  ambient  atmo¬ 
sphere  with  the  AC  signal  strength  of  50  mV.  Platinum  pastes  were 
painted  on  both  surfaces  of  the  specimens  with  8  mm  in  diameter 
and  1  mm  in  thickness  as  the  electrodes,  which  were  heated  to 
1273  K  for  2  h  in  air  to  erase  the  solvent.  For  the  measurements  of 
the  impedance  plots,  data  were  collected  from  673  to  1173  K  in  the 
frequency  range  of  20  Hz  to  20  MHz.  The  temperature  interval  was 

50  K  with  a  stabilization  time  of  15  min  before  each  measurement. 
The  results  were  analyzed  by  the  Zview  software. 

3.  Results  and  discussion 

3.1.  Ceramic  microstructures 

XRD  patterns  of  LaioSi6-xInx027-,5  (x  =  0.1,  0.2,  0.3,  0.4,  0.5)  ce¬ 
ramics  sintered  at  1923  K  for  10  h  are  shown  in  Fig.  1.  The  main 
diffraction  peaks  with  different  contents  of  In3+  correspond  to  the 
standard  XRD  spectrum  of  Laio(Si04)603  (JCPDS  No.  53-0291), 
which  belongs  to  the  hexagonal  apatite  structure  with  a  space 
group  P63/m.  All  the  samples  are  well  crystallized.  The  electro¬ 
negativities  of  elements  are  1.10  for  La,  1.90  for  Si  and  1.78  for  In, 
respectively,  so  the  difference  in  electronegativities  between  In  and 

51  is  clearly  smaller  than  that  between  In  and  La,  which  indicates 
that  it  is  more  preferable  for  the  In3+  to  substitute  Si4+  site  firstly.  In 
addition,  as  the  effective  ionic  radii  of  trivalent  La3+,  In3+  and 


Fig.  1.  XRD  patterns  of  La10Si6_xInxO27_j  ceramics  sintered  at  1923  K  for  10  h. 


tetravalent  Si4+  are  RLa  =  0.116  nm,  Rin  =  0.062  nm  and 
Rsi  =  0.026  nm,  respectively,  the  difference  in  effective  ionic  radius 
between  In3+  and  Si4+  is  also  clearly  smaller  than  that  between  In3+ 
and  La3+,  which  confirms  that  the  In3+  cation  is  prior  to  substitute 
Si4+  site  in  oxy-apatite  structure  firstly  [29],  Since  the  effective 
ionic  radius  of  In3+  is  larger  than  that  of  Si4+,  the  characteristic 
diffraction  peaks  shift  gradually  to  the  low  angle  side  with 
increasing  the  In3+  content,  as  shown  in  Fig.  1.  However,  the 
diffraction  peaks  of  the  second  phase  La2SiOs  reduce  distinctly  or 
even  disappear,  which  indicates  that  doping  with  In3+  is  beneficial 
to  the  decrease  in  the  content  of  second  phase  I^SiOs.  The  bulk 
density  of  LaioSi6-xInx027-5  ceramics  is  determined  by  the  usual 
volume  and  weight  measurement  technique,  as  shown  in  Table  1.  ft 
can  be  seen  that  the  bulk  density  of  LaioSi6_xInx027-d  ceramics  has 
no  distinct  change  with  increasing  the  In3+  content.  This  indicates 
that  the  bulk  density  is  not  closely  related  to  the  In3+  content. 

Fig.  2  shows  the  microstructures  of  LaioSi6-xlnx027-5  (x  =  0.1, 
0.2,  0.3,  0.4,  0.5)  ceramics  sintered  at  1923  K  for  10  h.  Obviously, 
LaioSi6-xInx027-<5  ceramics  have  a  grain  size  of  about  10  pm,  and 
grow  uniformly  and  compactly.  The  grain  boundaries  are  very 
clean,  and  there  is  no  impurity  at  grain  boundaries.  The  micro¬ 
structures  of  all  the  samples  doped  with  different  contents  of  In3+ 
exhibit  similar  features.  With  increasing  the  content  of  In3+,  the 
grain  size  increases  gradually.  When  the  In3+  content  is  x  -  0.4, 
some  tiny  holes  appear  at  localized  regions.  When  the  In3+  content 
is  x  =  0.5,  more  tiny  holes  are  observed  on  the  surface  of  specimens, 
the  grain  boundaries  become  ambiguous. 

3.2.  Raman  spectra  analysis 

Fig.  3  shows  Raman  spectra  of  LaioSi6_xInx027_s  (x  =  0.1, 0.2, 0.3, 
0.4,  0.5)  ceramics  sintered  at  1923  K  for  10  h.  The  band  position, 
band  relative  intensity  and  band  half-width  of  Raman  spectra  for 
LaioSi6-xInx027-i5  with  different  In3+  contents  are  almost  the  same, 
and  well  correspond  to  undoped  oxy-apatite  lanthanum  silicate.  In 
this  paper,  major  band  positions  of  all  the  specimens  in  the  range  of 


Table  1 

Measured  densities  of  Lai0Si6-xInxO27-a  ceramics. 

Materials  Measured  density,  g  cm3 

LaioSisCV/  5.200 

LamSi5.9Ino.1O26.95  5.368 

LaioSi5.slno.2026.90  5.372 

LaioSi5.7ln0.3026.85  5.369 

LamSi5.6lno.4O26.80  5.364 

LamSi5.5Ino.5O26.75  5.375 
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100  to  1000  cm-1  are  approximate  to  those  reported  in  previous 
studies  related  to  oxy-apatites  [30,31].  Two  distinctly  different 
band  areas  occur  as  divided  at  350  cm^1  in  the  whole  Raman  range. 
The  bands  above  350  cm -1  are  assigned  to  internal  modes  of 
tetrahedral  SiC>4  units,  while  the  bands  below  350  cm-1  are 


arrows  correspond  to  the  characteristic  peaks  of  La2Si05. 


assigned  to  external  lattice  modes  just  as  translational,  vibrational 
and  rotational  of  the  SiC>4  units.  Two  main  bands  at  854  cm  1  and 
385  cm -1  correspond  to  the  symmetric  stretching  mode  vr  and  the 
symmetric  bending  mode  V2  of  SiC>4  tetrahedra,  respectively.  In 
addition,  two  weak  bands  at  926  cm -1  and  521  cm-1  can  be 
assigned  to  the  asymmetric  stretching  mode  V3  and  the  asymmetric 
bending  mode  v4  of  Si04  tetrahedra.  All  above  indicate  that  doping 
with  trivalent  In3+  forms  a  complete  solid  solution,  and  does  not 
bring  in  containing-In3+  impurity  phase.  When  the  doping  content 
is  x  =  0.1,  some  weak  bands  pointed  by  arrows  correspond  to  the 
characteristic  peaks  of  second  phase  La2SiOs,  but  these  character¬ 
istic  peaks  of  second  phase  La2SiOs  disappear  with  further 
increasing  the  doping  content.  Clearly,  increasing  the  doping  con¬ 
tent  of  In3+  could  reduce  or  even  eliminate  second  phase  La2SiOs, 
which  is  in  accord  with  the  XRD  results.  As  compared  with  Raman 
spectrum  of  undoped  LaioSi6C>27,  Raman  spectra  of  all  the 
LatoSi6-xInx027-5  (X  =  0.1,  0.2,  0.3,  0.4,  0.5)  ceramics  shift  to  the  left 
side  slightly. 

3.3.  Electrical  conductivity 

Fig.  4  shows  the  impedance  plots  at  673  K  and  corresponding 
equivalent  circuit  of  LaioSig_xInx027-,5  (x  =  0.1,  0.2,  0.3,  0.4,  0.5) 
ceramics.  From  Fig.  4,  all  the  AC  impedance  spectra  with  different 
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Fig.  4.  Impedance  plots  and  corresponding  equivalent  circuit  of  LaioSie-xInxCh?-,!  ceramics  at  673  K  (a)  x  =  0,  (b)  x  =  0.1,  (c)  x  =  0.2,  (d)  x  =  0.3,  (e)  x  =  0.4,  (f)  x  =  0.5,  (g)  equivalent 


doping  contents  are  composed  of  two  interconnected  semicircular 
arcs  and  an  incomplete  semicircular.  Grain  resistance  (Rg),  grain 
boundary  resistance  (Rgb),  grain  capacitance  (CPEg)  and  grain 
boundary  capacitance  (CPEgb)  for  LaioSi6-xInx027-6  ceramics  with 
different  doping  contents  are  obtained  by  the  Zview  software.  The 
semicircular  arcs  at  high  frequency  correspond  to  the  grain 
impedance  process  and  the  semicircular  arcs  at  middle  frequency 
correspond  to  the  grain  boundary  impedance  process,  respectively. 
The  conduction  of  LaioSi6-xInx027-5  ceramics  is  controlled  jointly 
by  grain  and  grain  boundary. 

As  compared  with  the  AC  impedance  spectrum  of  undoped 
LaioSi6C>27  ceramic,  both  the  grain  impedance  and  the  grain 
boundary  impedance  of  LaioSi6-xInx027_,5  decrease  obviously  when 
the  doping  content  of  ln3+  is  higher  than  0.1,  as  shown  in  Fig.  4.  In3+ 
substitutes  for  Si4+  sites  and  forms  a  complete  solid  solution  of 
LaioSi6-*lnx027-(5,  which  leads  to  electrostatic  repulsive-force  of 
oxide-ion  sited  at  2a  from  (In04)5-,  which  is  larger  than  from 


(SiO/j)4-,  consequently  enhances  the  mobility  of  oxide-ion,  and 
reduces  the  grain  impedance  and  grain  boundary  impedance.  In 
addition,  there  are  more  oxygen  vacancies  generated  after  doping 
ln3+,  which  would  result  in  large  lattice  distortion,  and  structural 
relaxation  of  LaioSi6-xhix027_,5  ceramics.  Thereby,  the  decrease  in 
the  electrostatic  attraction  from  La3+  is  beneficial  to  conduction  of 
oxide-ions.  Finally,  all  above-mentioned  reduce  the  grain  imped¬ 
ance  and  grain  boundary  impedance  with  increasing  the  In3+ 
content. 

Arrhenius  plots  of  total  conductivity  of  LaioSi6_xInx027-,5  ce¬ 
ramics  with  different  contents  of  ln3+  are  shown  in  Fig.  5.  Clearly, 
the  total  conductivity  of  LaioSi6-xInx027-i5  ceramics  with  different 
doping  contents  is  linearly  related  to  the  measurement  tempera¬ 
ture,  which  is  well  fitted  to  the  Arrhenius  equation,  which  dem¬ 
onstrates  that  the  diffusion  process  of  oxide-ions  is  thermally 
activated.  In  addition,  the  total  conductivity  of  LaioSi6_xInxC>27_a 
ceramics  with  different  doping  contents  is  distinctly  improved  as 
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compared  with  that  of  undoped  LaioSieCh?  ceramics.  The  main 
carrier  in  undoped  LaioSie027  ceramics  is  interstitial  oxygen  ions. 
However,  when  trivalent  In3+  substitutes  for  tetravalent  Si4+,  more 
oxygen  vacancies  will  be  generated  in  order  to  keep  charge  balance 
of  crystal  structure,  and  in  this  case  the  carriers  contain  both 
interstitial  oxygen  ions  and  oxygen  vacancies  collectively,  which 
consequently  improves  the  total  conductivity.  The  activation  en¬ 
ergy  E  and  pre-exponential  factor  o0  can  be  calculated  from  the 
slope  and  the  intercept  of  the  linear  fits  in  the  logarithmic  form  of 
the  Arrhenius  equation  for  all  specimens,  respectively.  The  activa¬ 
tion  energy  E,  pre-exponential  factor  op  and  the  total  conductivity 
of  LaioSi6-xInx027-5  ceramics  are  shown  in  Table  2.  At  1073  K, 
La10Si5.8lno.2O26.90  has  the  highest  total  conductivity  of 
3.14  x  10“2  S  cm-1. 

3.4.  Thermal  expansion  coefficient 

Thermal  expansion  curve  of  LaioSi6-xInx027-<5  (x  =  0.1,  0.2,  0.3, 
0.4,  0.5)  ceramics  as  a  function  of  temperature  is  shown  in  Fig.  6. 
The  thermal  expansion  curve  of  all  the  samples  with  different  In3+ 
contents  is  close  to  the  straight  line  in  the  range  of  measurement 
temperature,  and  increases  linearly  with  increasing  the  tempera¬ 
ture.  It  demonstrates  that  LaioSi6-xInx027-5  ceramics  have  a  good 
structural  stability  from  ambient  temperature  to  1473  K,  and  no 
phase  transition  occurs  during  heating.  However,  the  slope  of 
thermal  expansion  curve  is  the  largest  when  the  In3+  content  is 
x  =  0.4.  Fig.  7  presents  the  thermal  expansion  coefficients  (TEC)  of 
La,0Si6-xIn*O27-fi  ceramics  as  a  function  of  temperature.  The  TEC  of 
LaioSi6_xInx027-5  ceramics  increases  gradually  with  increasing 
temperature,  as  shown  in  Table  3,  and  is  distributed  between 
8.73  x  10"6  K-1  and  9.01  x  10"6  K”1  at  1073  K.  La10Si5.6ln0.4O26.80 
has  the  highest  TEC  of  9.01  x  1<T6  K"1  at  1073  K.  The  TEC  of 
La,oSi6-xInx027-(i  ceramics  in  this  paper  is  comparable  to  those  of 
traditional  solid  electrolytes  at  present  and  also  close  to  those  of 
widely-used  cathode  or  anode  materials  [32,33]. 


Temperature,  K 

Fig.  7.  Thermal  expansion  coefficients  of  LaioSi6-xIn*027_,5  ceramics  as  a  function  of 
temperature. 


4.  Conclusions 

Oxy-apatite  type  La10Si6_xInx027_o  (x  =  0.1,  0.2,  0.3,  0.4,  0.5) 
ceramics  have  been  synthesized  successfully  by  the  high- 
temperature  solid  state  reaction  route.  All  the  compositions  of 
LaioSi6_xlnx027_5  ceramics  doped  with  In3+  consist  only  of  a 
hexagonal  apatite  structure  with  a  space  group  P63/m.  The 
diffraction  peaks  of  LaioSi6-xInx027-5  ceramics  doped  with  In3+ 
shift  to  the  low  angle  side  with  increasing  the  ln3+  content.  The 
total  conductivity  of  all  samples  accords  with  the  Arrhenius 
behavior.  Lanthanum  silicates  doped  with  trivalent  In3+  have  a 
higher  total  conductivity  than  undoped  LaioSi6C>27.  At  1073  K, 
La10Si5.8ln0.2O26.90  has  the  highest  total  conductivity  of 
3.14  x  TO  2  S  cm-1,  which  is  considerably  higher  than  that  of 
undoped  LaioSig027.  However,  La10Si5.6ln0.4O26.80  has  the  highest 
TEC  of  9.01  x  10"6  K-1  at  1073  K. 


Total  conductivity  at  1073  K  and  corresponding  activation  energy  and  pre¬ 
exponential  factor  of  LaioSi6_xInx027-j  ceramics. 


Materials  Activation  Pre-exponential  Conductivity 

energy,  eV  factor,  S  K  cm-1  (1073  K),  S  cm-1 


La10Si6027  0.85  1.36  x  105 

LatoSi5.9Ino.1O26.95  0.93  3.95  x  105 

La10Si5.sInojO26.90  0.96  1.20  x  10s 

La10Si5.7In0.3O26.s5  0.94  5.29  x  105 

La10Si5.6ln0.4O26.80  0.87  3.46  x  105 

La10Si5.5In0.5O26.75  0.89  3.99  x  105 


1.28  x  10  2 
1.73  x  10“2 
3.14  x  10“2 
1.84  x  10-2 
2.10  x  10  2 
2.41  x  10  2 


Table  3 

Thermal  expansion  coefficients  of  La10Sie  xlnx027  ceramics  at 
1073  K. 

Materials  a,  xl0“s  K_1 

LaioSi6027 
La,0Si5.9lno.i026.95 
La,0Si5  sIno.2O26.90 
La10Si5.7Ino.3O26.s5 
La10Si5.6lno.4O26.80 
La10Si5.5Ino.5O26.75 


8.75 

8.83 

8.79 

8.82 

9.01 

8.73 


[14]  Y. 


